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METHOD AND APPARATUS FOR MEASURING FLOW RATE OF FLUID 

5 FIELD OF THE INVENTION 

The present invention relates to a method for mea- 
suring a flow rate of a liquid and an apparatus therefor. 

10 BACKGROUND OF THE INVENTION 

It has been known that a flow rate of a fluid flow- 
ing in a tube can be measured utilizing ultrasonic wave. 
A representative method utilizes a variation of a period 

15 of time required for transmission of the ultrasonic wave 
in the flowing fluid according to the Doppler effect. 
The method for measuring the flow rate comprises the 
steps of: preparing a flow rate-measuring system in which 
two or more ultrasonic transducers are arranged on a tube 

20 along a tube axis; applying a sine wave alternating ener- 
gy to one ultrasonic transducer so as to generate a ul- 
trasonic wave; transmitting the ultrasonic wave through a 
fluid flowing within the tube; receiving the transmitted 
ultrasonic wave by another ultrasonic transducer; record - 

25 ing the period of time required for the transmission; ap- 
plying a sine wave alternating energy to the latter ul- 
trasonic transducer so as to generate a ultrasonic wave; 
transmitting the ultrasonic wave through the flowing 
fluid in the opposite direction; receiving the transmit- 

30 ted ultrasonic wave by the former ultrasonic transducer; 
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recording the period of time required for the transmis- 
sion; and comparing the difference between the two trans- 
mission periods with a relationship (calibration curve) 
between the flow rate and the difference of transmission 
5 period which has been separately prepared using a flow 
rate-measuring system having the same structure and the 
same fluid, to determine the flow rate of the flowing 
fluid. 

Japanese Patent Provisional Publication 10-122923 

10 describes a flow meter utilizing a system which comprises 
the steps of: preparing two ultrasonic transducers mount- 
ed onto an outer surface of a tube along the tube axis; 
applying an alternating electric energy to one transducer 
to generate a ultrasonic wave; transmitting the ultrason- 

15 ic wave through a fluid flowing in the tube; receiving 
the transmitted ultrasonic wave by another transducer; 
alternating the generation and receipt of the ultrasonic 
wave between the former transducer and the latter trans- 
ducer to measure a period of time for transmission of ul- 

20 trasonic wave from the upstream side to the downstream 
side and a period of time transmission of the ultrasonic 
wave from the downstream side to the upstream side; and 
processing the difference between the measured periods of 
time to determine the flow rate of the fluid flowing in 

25 the tube, 

Japanese Patent Provisional Publication 10-9914 
describes a flow meter utilizing a system which comprises 
the steps of: preparing three ultrasonic transducers 
mounted onto an outer surface of a tube along the tube 

30 axis; applying an alternating electric energy to the 
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central transducer to generate a ultrasonic wave; trans- 
mitting the ultrasonic wave through a fluid flowing in 
the tube; receiving the transmitted ultrasonic wave by 
the other transducers; measuring a period of time of 
5 transmission of ultrasonic wave from the upstream side to 
the downstream side and a period of time transmission of 
the ultrasonic wave from the downstream side to the up- 
stream side; and processing the difference between the 
measured periods of time to determine the flow rate of 
10 the fluid flowing in the tube. 

PROBLEMS TO BE SOLVED BY THE INVENTION 

The above-mentioned known flow rate -determining sys- 

15 tern utilizing a procedure which comprises applying a sine 
wave alternating electric energy to a piezoelectric ele- 
ment to generate a ultrasonic wave; transmitting the 
ultrasonic wave from the upstream side to the downstream 
side and from the downstream side to the upstream side: 

20 and detecting the difference of the transmission period 
of time according to the Doppler effect is an established 
flow rate -determining system. However, this flow rate- 
determining system gives not always an accurate flow rate 
because the wave form of the ultrasonic wave transmitted 

25 through the flowing fluid is so complicated that it is 

not easy to determine an appropriate target point for the 
use of measuring the transmission period. If the deter- 
mined target point is inappropriate, the accuracy of the 
determined flow rate is low. Particularly, in the case 

30 that the fluid flows slowly, the transmission period of 
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time is short. Therefore, these two problems in combina- 
tion cause decrease of the accuracy of the flow rate of 
the slowly flowing fluid. 

The present invention has an object to provide a 
5 flow rate -measuring method and a flow rate -measuring 

apparatus which give an accurate flow rate, particularly, 
a flow rate of a fluid flowing slowly, without requiring 
a complicated flow rate-measuring system. 

10 DISCLOSURE OF THE INVENTION 

The present inventors have made studies on a rela- 
tionship between an electric energy applied to one piezo- 
electric ultrasonic transducer of the conventional flow 

15 meter and a wave form of a ultrasonic wave received by 
another piezoelectric ultrasonic transducer which is 
transmitted through a flowing fluid after generation in 
the former ultrasonic transducer. As a result, they have 
discovered that if the sine wave alternating energy em- 

2 0 ployed in the conventional system for applying the energy 
to the piezoelectric element is replaced with a shock 
energy caused by application of an impulse voltage having 
steep rising edge or steep falling edge, an oscillation 
wave (i.e., shock wave) received by a wave -receiving 

25 piezoelectric element after generation and transmission 
in a flowing fluid gives a simpler wave form and hence 
the determination of the target point for the measurement 
of transmission period is facilitated. This phenomenon 
has not been known until now. 
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As a result of further study, the inventors have 
discovered that if the impulse voltage with steep rising 
edge or steep falling edge is employed as the energy to 
be applied to the shock wave -generating piezoelectric 
5 element, the generated shock wave received after trans- 
mission from the upstream side to the downstream side and 
the generated shock wave received after transmission from 
the downstream side to the upstream side show the same 
wave form, and an amplitude and a integral value of a 

10 composite wave prepared by processing (such as addition 
processing or subtraction processing) of the wave form of 
the received shock wave shows a highly proportional rela- 
tionship with a flow rate of the flowing fluid. This 
phenomenon also has not been known yet. 

15 The present invention is completed based on the 

above-mentioned new discoveries. 

Accordingly, from the first aspect, the present in- 
vention resides in a method for measuring a flow rate of 
a fluid moving in a tube which comprises the steps of: 

20 (1) preparing a flowmeter comprising a set of a 

first upstream side shock wave -generating piezoelectric 
element and a first downstream side shock wave- receiving 
piezoelectric element and a set of a second downstream 
side shock wave -generating piezoelectric element and a 

25 second upstream side shock wave -receiving piezoelectric 
element arranged on a surface of the tube under such con- 
dition that the shock wave -gene rating piezoelectric ele- 
ment and the shock wave- receiving piezoelectric element 
of each set are arranged along a fluid-moving direction 

30 apart from each other at an equivalent distance; 
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(2) causing movement of the fluid in the tube and, 
while the fluid is moving, an impulse voltage with steep 
rising edge or steep falling edge is applied to the first 
shock wave -generating piezoelectric element to generate a 

5 shock and transmit the shock through a wall of the tube 
into the moving fluid so as to produce a shock wave in 
the moving fluid; 

(3) transmitting the shock wave through the moving 
fluid and receiving the transmitted shock wave by the 

10 first shock wave -receiving piezoelectric element through 
the wall of the tube; 

(4) while the fluid is moving, an impulse voltage 
with steep rising edge or steep falling edge is applied 
to the second shock wave-generating piezoelectric element 

15 to generate a shock and transmit the shock through the 

wall of the tube into the moving fluid so as to produce a 
shock wave in the moving fluid; 

(5) transmitting the shock wave generated in the 
step (4) through the moving fluid and receiving the 

2 0 transmitted shock wave by the second shock wave -receiving 
piezoelectric element through the wall of the tube; 

(6) processing data of the wave received in the 
step (3) and data of the wave received in the step (5) to 
obtain data of a composite wave and detecting a predeter- 

25 mined characteristic value from the data of the composite 
wave ; 

(7) preparing a relationship between a moving rate 
of the fluid and the same characteristic value of data of 
a composite wave corresponding to the moving rate sepa- 

30 rately; and 
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(8) comparing the characteristic value of data of 
the composite wave obtained in the step (6) with the 
relationship obtained in the step (7) , to calculate the 
flow rate of the fluid of the step (2) . 
5 In the above-mentioned flow rate -measuring method, 

the generation and receipt of shock wave in the steps (2) 
and (3) and the series of procedures for processing the 
received wave to convert into data, and the generation 
and receipt of shock wave in the steps (4) and (5) and 

10 the series of procedures for processing the received wave 
to convert into data can be simultaneously if the appara- 
tus employed can afford such procedures. Further, these 
procedures can be performed in an adverse order, for 
instance, the steps (2) and (3) can be performed after 

15 the steps (4) and (5) . 

The procedure of the step (7) is a step for prepar- 
ing or obtaining a calibration curve. This procedure can 
be performed employing the same flow meter or a flow 
meter having the same constitution and the same fluid and 

20 preparing a relationship (in the form of a formula) be- 
tween the flow rate and the characteristic value obtained 
from the composite wave which is produced by processing 
the data of waves received by shock wave- receiving pi- 
ezoelectric elements after transmission of the generated 

25 shock wave through the flowing (moving) fluid. The step 
(7) can be performed any time before the step (8) . 

In the above-mentioned flow rate -measuring method, 
the procedure of processing for obtaining -the data of the 
composite wave in the step (6) is preferably performed by 

30 obtaining a difference between the data of the wave re- 
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ceived in the step (3) and the data of the wave received 
in the step (5) . 

In the above-mentioned flow rate-measuring method, 
the characteristic value to be detected in the steps (6) 
5 and (7) preferably is the following characteristic value: 

(a) a height of a wave appearing in a predetermined 
position in the composite wave; 

(b) a height of a highest wave appearing in the com- 
posite wave; 

10 (c) an integral value of an absolute value of the 

composite wave; 

(d) an integral value of absolute values of wave 
components appearing in a period predetermined within a 
period from a first wave component to a tenth wave compo- 

15 nent of the composite wave; or 

(e) an integral value of an absolute value of a 
highest wave appearing in the composite wave. 

The invention also resides in an apparatus favorably 
employable for performing the flow rate -measuring method 

2 0 of the above-mentioned invention which comprises a set of 

a first upstream side shock wave-generating piezoelectric 
element and a first downstream side shock wave- receiving 
piezoelectric element and a set of a second downstream 
side shock wave-generating piezoelectric element and a 
25 second upstream side shock wave- receiving piezoelectric 
element arranged on a surface of a tube under such condi- 
tion that the shock wave-generating piezoelectric element 
and the shock wave -receiving piezoelectric element of 
each set are arranged along a fluid-moving direction 

3 0 apart from each other at an equivalent distance; an elec- 
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tric voltage source connected to each of the shock wave- 
generating piezoelectric elements directly or via switch- 
ing means, whereby applying an impulse voltage with steep 
rising edge or steep falling edge to each of the shock 
5 wave -generating piezoelectric elements; and processing 
means connected to each of the shock wave -receiving pi- 
ezoelectric elements directly or via switching means, 
whereby detecting waves received by the shock wave-re- 
ceiving piezoelectric elements, preparing a composite 

10 wave from the detected waves, and detecting a predeter- 
mined characteristic value from the composite wave. 

From the second aspect, the invention resides in a 
method for measuring a flow rate of a fluid moving in a 
tube which comprises the steps of: 

15 (1) preparing a flowmeter comprising a set of a 

first upstream side shock wave -generating piezoelectric 
element and a first downstream side shock wave -receiving 
piezoelectric element and a set of a second downstream 
side shock wave -generating piezoelectric element and a 

20 second upstream side shock wave -receiving piezoelectric 
element arranged on a surface of the tube under such con- 
dition that the shock wave -generating piezoelectric ele- 
ment and the shock wave-receiving piezoelectric element 
of each set are arranged along a fluid-moving direction 

25 apart from each other at an equivalent distance; 

(2) causing movement of the fluid in the tube and, 
while the fluid is moving, an impulse voltage with steep 
rising edge or steep falling edge is applied to the first 
shock wave -generating piezoelectric element to generate a 

30 shock and transmit the shock through a wall of the tube 
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into the moving fluid so as to produce a shock wave in 
the moving fluid; 

(3) transmitting the shock wave through the moving 
fluid and receiving the transmitted shock wave by the 
5 first shock wave- receiving piezoelectric element through 
the wall of the tube to measure a period of time required 
for the transmission of the shock wave from the first 
shock wave -generating piezoelectric element to the first 
shock wave- receiving piezoelectric element; 

10 (4) while the fluid is moving, an impulse voltage 

with steep rising edge or steep falling edge is applied 
to the second shock wave-generating piezoelectric element 
to generate a shock and transmit the shock through the 
wall of the tube into the moving fluid so as to produce a 

15 shock wave in the moving fluid; 

(5) transmitting the shock wave generated in the 
step (4) through the moving fluid and receiving the 
transmitted shock wave by the second shock wave -receiving 
piezoelectric element through the wall of the tube to 

20 measure a period of time required for the transmission of 
the shock wave from the second shock wave-generating pi- 
ezoelectric element to the second shock wave -receiving 
piezoelectric element ; 

(6) obtaining a difference of the period of time 

25 measured in the steps (3) and (5) required for the trans- 
mission of the shock wave; 

(7) preparing a relationship between a moving rate 
of the fluid and a difference of period of time required 
for transmission of shock wave from the shock wave-gener- 
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ating piezoelectric element to the shock wave -receiving 
piezoelectric element separately; and 

(8) comparing the period of time required for the 
transmission of shock wave obtained in the step (6) with 
5 the relationship obtained in the step (7) , to calculate 
the flow rate of the fluid of the step (2) . 

In the above-mentioned flow rate -measuring method, 
the generation and receipt of shock wave in the steps (2) 
and (3) and the series of procedures for processing the 

10 received wave to convert into data, and the generation 
and receipt of shock wave in the steps (4) and (5) and 
the series of procedures for processing the received wave 
to convert into data also can be simultaneously if the 
apparatus employed can afford such procedures. Further, 

15 these procedures can be performed in an adverse order, 
for instance, the steps (2) and (3) can be performed 
after the steps (4) and (5) . 

The procedure of the step (7) is a step for prepar- 
ing or obtaining a calibration curve. The step (7) can 

2 0 be performed any time before the step (8) . 

The invention also resides in an apparatus favorably 
employable for performing the flow rate -measuring method 
of the second invention which comprises a set of a first 
upstream side shock wave -generating piezoelectric element 

25 and a first downstream side shock wave- receiving piezo- 
electric element and a set of a second downstream side 
shock wave -generating piezoelectric element and a second 
upstream side shock wave- receiving piezoelectric element 
arranged on a surface of a tube under such condition that 

30 the shock wave -generating piezoelectric element and the 
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shock wave- receiving piezoelectric element of each set 
are arranged along a fluid-moving direction apart from 
each other at an equivalent distance; and an electric 
voltage source connected to each of the shock wave-gener- 
5 ating piezoelectric elements directly or via switching 
means, whereby applying an impulse voltage with steep 
rising edge or steep falling edge to each of the shock 
wave -generating piezoelectric elements. 

The impulse voltage employed in the invention is 

10 applied preferably under such condition that the voltage 
is kept constant until the generation of the shock in the 
shock wave -generating piezoelectric element ceases, more 
preferably until the wave to be processed afterward (for 
instance, a wave appearing in a predetermined position, 

15 or a wave appearing within a period from a first wave 
component to a tenth wave component of the composite 
wave) is generated; most preferably until the shock wave- 
receiving piezoelectric element receives the shock wave 
after the generation of shock wave in the shock wave- 

20 generating piezoelectric element. 

The shock wave -generating piezoelectric element and 
shock wave -receiving piezoelectric element employed in 
the invention generally have the same acoustic character- 
istics. One shock wave -generating piezoelectric element 

25 can be used to serve as the first shock wave -generating 
piezoelectric element as well as the second shock wave- 
generating piezoelectric element. One shock wave-receiv- 
ing piezoelectric element can be used to serve as the 
first shock wave -receiving piezoelectric element as well 

30 as the second shock wave-receiving piezoelectric element. 
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In more detail, the following embodiments can be 
adopted : 

(a) the first upstream side shock wave -generating 
piezoelectric element serves as the second upstream side 

5 shock wave -receiving piezoelectric element and the first 
downstream side shock wave -receiving piezoelectric ele- 
ment serves as the second downstream side shock wave- 
generating piezoelectric element; 

(b) the first downstream side shock wave -receiving 
10 piezoelectric element serves as the second upstream side 

shock wave -receiving piezoelectric element; and 

(c) the first downstream side shock wave -gene rating 
piezoelectric element serves as the second upstream side 
shock wave -generating piezoelectric element. 
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EFFECTS OF THE INVENTION 



The flow rate -measuring method utilizing transmis- 
sion of the shock wave according to the invention makes 
20 it possible to determine a flow rate, particularly a flow 
rate of a slowly flowing fluid at increased accuracy 
without requiring a flow rate -measuring apparatus having 
a complicated constitution. 

25 PREFERRED EMBODIMENTS OF THE INVENTION 

The present invention will be further described by 
referring to the attached drawings. 

Fig. 1 illustrates a flow rate-measuring apparatus 
30 that is favorably employable for performing the flow 
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rate -measuring method utilizing the shock wave according 
to the invention. 

The flow rate -measuring apparatus comprises a tube 
11 and a flow meter having a upstream side piezoelectric 
5 element 12 and a downstream side piezoelectric element 13 
which are mounted onto a surface of the tube along the 
direction of movement of a fluid within the tube (which 
flows from 11A to 11B) . To the piezoelectric elements 
12, 13 are connected an impulse voltage source 50 and a 

10 processor 60 via a switch (switching means) 4. The im- 
pulse voltage source 5 0 can produce an impulse voltage 
having steep rising edge or steep falling edge (hereinaf- 
ter which may be simply referred to as "impulse volt- 
age") . In the processor 60, the wave received by each of 

15 the piezoelectric elements 12, 13 is detected, . both of 

the transmission period of shock wave from the piezoelec- 
tric element 12 to the piezoelectric element 13 and the 
transmission period of shock wave from the piezoelectric 
element 13 to the piezoelectric element 12 are recorded, 

20 and the recorded periods are compared to calculate the 
difference of period. Alternatively, the received waves 
are recorded, a composite wave is prepared from the re- 
ceived waves, and a predetermined characteristic value is 
detected from the composite wave. Otherwise, the compar- 

25 ison of the transmission periods and the detection of the 
predetermined characteristic value from the composite 
wave are both performed. 

The method for measuring the flow rate utilizing the 
apparatus of Fig. 1 is further described. 
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The impulse voltage source 50 applies an impulse 
voltage 7 to the piezoelectric element 12 through one 
switch 4 so as to generate a shock in the piezoelectric 
element 12 . The shock is then transmitted to a fluid in 
5 the tube 11 through a wall of the tube to produce a shock 
wave in the fluid. The shock wave is transmitted through 
the fluid and subsequently received by the piezoelectric 
element 13 after transmitted through the wall of the 
tube. The wave received by the piezoelectric element 13 

10 is transmitted through another switch 4 and recorded in 
the processor 60. Subsequently, the connecting circuit 
for the switches is switched, and the impulse voltage 
source 50 applies the same impulse voltage 7 to the pi- 
ezoelectric element 13 through the latter switch 4 so as 

15 to generate a shock in the piezoelectric element 13 . The 
shock is then transmitted to a fluid in the tube 11 
through the wall of the tube to produce a shock wave in 
the fluid. The shock wave is transmitted through the 
fluid and subsequently received by the piezoelectric 

20 element 12 after transmitted through the wall of the 

tube. The wave received by the piezoelectric element 12 
is transmitted through the former switch 4 and recorded 
in the processor 60. Each of the waves recorded in the 
processor 60 is then processed according to a predeter- 

25 mined program. 

The flow rate-measuring method of the invention 
which utilizes shock wave also can be performed by means 
of a flow rate-measuring apparatus illustrated in Fig. 2. 
In the flow rate-measuring apparatus of Fig. 2, one 

30 shock wave -generating piezoelectric element 22 is mounted 
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onto the tube 11, and each of a pair of shock wave- 
receiving piezoelectric elements 21, 23 is placed at a 
position apart from the shock wave -generating 
piezoelectric element by a distance D. The impulse 
5 voltage source 50 applies an impulse voltage to the shock 
wave -generating piezoelectric element 22. In the shock 
wave -generating piezoelectric element 22, a shock is 
produced and transmitted into the fluid to generate a 
shock wave. The shock wave is then transmitted toward 

10 the upstream side (toward the tube end 11A) as well as 
the downstream side (toward the tube end 11B) . The 
transmitted shock waves are received by the shock wave- 
receiving piezoelectric elements 21, 23, and the received 
shock waves are then processed in the processor 60. 

15 The flow rate-measuring method of the invention 

which utilizes shock wave also can be performed by means 
of a flow rate-measuring apparatus illustrated in Fig. 3. 

In the flow rate -measuring apparatus of Fig. 3, one 
shock wave -receiving piezoelectric element 22 is mounted 

20 onto the tube 11, and each of a pair of shock wave- 
generating piezoelectric elements 21, 23 is placed at a 
position apart from the shock wave- receiving piezoelec- 
tric element 22 by a distance D. A first impulse voltage 
source 50A applies an impulse voltage 7 to the shock 

25 wave -generating piezoelectric element 21, while a second 
impulse voltage source SOB applies an impulse voltage 8 
to the shock wave -generating piezoelectric element 23 . 
In each of the shock wave -generating piezoelectric 
elements 21, 23, a shock is produced and transmitted into 

30 the fluid to generate a shock wave. The shock waves are 
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then transmitted through the fluid and received by the 
shock wave- receiving piezoelectric element 22, and the 
received shock waves are then processed in the processor 
60. In the flow rate-measuring apparatus of Fig. 3, the 
5 impulse voltage 7 given by the first impulse voltage 

source 5 OA and the impulse voltage 8 given by the second 
impulse voltage source B have a phase opposite to each 
other. For instance, the first impulse voltage source 
50A gives a steeply falling impulse voltage, while the 

10 second impulse voltage source 50B gives a steeply rising 
impulse voltage. Under these conditions, the shock waves 
received by the shock wave -receiving piezoelectric 
element 22 have phases opposite to each other so that the 
composite wave can be prepared from the both received 

15 shock waves by addition operation. 

The flow rate -measuring method of the invention 
which utilizes shock wave also can be performed by means 
of a flow rate -measuring apparatus illustrated in Fig. 4. 
The flow rate-measuring apparatus of Fig. 4 is the same 

20 as the flow rate-measuring apparatus of Fig. 33 except 
that one impulse voltage source 50 is commonly used and 
that the polarizing direction of the piezoelectric ele- 
ment 23 is set opposite to the polarizing direction of 
the piezoelectric element 22 . In the apparatus of this 

25 constitution, the processing in the processor 60 can be 
performed by addition operation. 

In Figures 1 to 4, the piezoelectric elements 12, 
14, 21, 22 and 23 are piezoelectric ring elements. It 
should be noted, however, that the piezoelectric elements 
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can be in the form of a portion of ring 20, as is illus- 
trated in Fig. 5. 

[Examples] 

5 The flow rate-measuring apparatus of Fig. 1 was 

manufactured using a PFA tube (perf luoroalkylene tube) 11 
(length: 200 mm, inner diameter 2 mm, outer diameter 4 
mm) and barium titanate piezoelectric elements (outer 
diameter 7 mm, inner diameter 4 mm, width 2 mm) 12, 13. 

10 The barium titanate piezoelectric element 12 and the 
barium titanate piezoelectric element 13 had the same 
acoustic characteristics, and the distance (D) between 
the piezoelectric element 12 and the piezoelectric ele- 
ment 13 was set to 40 mm. 

15 In the tube 11 of the above-mentioned flow rate- 

measuring apparatus, water at 25°C was filled. While the 
water was kept still, an impulse voltage 7 steeply fall- 
ing from 10 V to -10 V was applied to the piezoelectric 
element 12 . The shock wave generated in the fluid was 

20 transmitted to and received by the piezoelectric element 
13. The received shock wave 9 (amplified) is illustrated 
in Fig. 6. In Fig. 6, to indicates a period of time from 
the time of application of the impulse voltage to the 
time at which the transmitted shock wave reaches the 

25 piezoelectric element 13. The initial point of the re- 
ceived wave is indicated by tBEGIN9 . The received wave 9 
(amplified) is in the form of a sine wave having a clear 
initial point from the wave component of the first period 
to the wave component of the tenth period. to is 3 3 

30 |asec, which corresponds to total of 5 jasec (period of 
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time required for passing through the wall (2 mm in to- 
tal) of the tube, calculated using 700 m/sec for the 
ultrasonic transmission rate in PFA) and 28 jasec (period 
of time required for transmission through water, calcu- 
5 lated using 1,500 m/sec for the ultrasonic transmission 
rate in water) . 

Subsequently, while the water in the tube 11 was 
kept still, an impulse voltage 7 steeply falling from 10 
V to -10 V was applied to the piezoelectric element 13. 

10 The shock wave generated in the fluid was transmitted to 
and received by the piezoelectric element 12. The re- 
ceived shock wave 10 (amplified) is illustrated in Fig. 
7. In Fig. 7, to indicates a period of time from the 
time of application of the impulse voltage to the time at 

15 which the transmitted shock wave reaches the piezoelec- 
tric element 12 . The initial point of the received wave 
is indicated by tBEGINIO . The received wave 10 (ampli- 
fied) is in the form of a sine wave having a clear ini- 
tial point from the wave component of the first period to 

20 the wave component of the tenth period. Since the water 
in the tube 11 has the same temperature and is kept 

still, to is 33 Lisec. 

In order to obtain the difference between the re- 
ceived wave 9 (amplified) of Fig. 6 and the received wave 

25 10 (amplified) of Fig. 7, a received wave (-)10 (ampli- 
fied) is prepared by multiplying the received wave 10 
(amplified) of Fig. 7 by (-1) . Thus prepared received 
wave (-)10 is placed in Fig. 6 in the form of a broken 
line to give Fig. 8. In Fig. 8, D(0) is a composite wave 

30 prepared by adding the received wave 9 (amplified) to the 
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received wave (-)10 (amplified). The composite wave D(0) 
indicates the difference of the received waves (ampli- 
fied) . 

The wave components of from the first period to the 
5 tenth period all of which have a clear sine wave are 

enlarged in the time axis (axis of abscissa) for both the 
received wave 9 (amplified) and the received wave (-)10 
(amplified) in Fig. 8. The enlarged wave components are 
illustrated in Fig. 9. D(0) which means the difference 

10 wave of the received waves (amplified) is also placed. 
It is apparent that the waveform of D(0) is almost the 
same as the reference line (level 0) in any periods of 
the received wave. In other words, the received wave 9 
(amplified) are substantially the same as the received 

15 wave 10 (amplified) . 

Subsequently, water (25°C) was caused to flow in the 
tube 11 from 11A to 11 B at a flow rate of 3 m/sec (V = 3 
m/sec) , and an impulse voltage 7 steeply falling from 10 
V to -10 V was applied to the piezoelectric element 12, 

2 0 and a shock wave generated in the fluid was transmitted 
to the piezoelectric element 13 . The wave received by 
the piezoelectric element 13 is amplified and given in 
Fig. 10 under the indication of 9-1. In Fig. 10, tF-l (= 
to - Atl) indicates a period of time from the application 

25 of the impulse voltage to the time at which the shock 
wave reaches the piezoelectric element 13 . The initial 
point of the received wave is indicated by tBEGIN9-l. In 
the received wave 9-1 (amplified) , the wave form from the 
first wave component to the 10th wave component is in the 
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form of a sine wave having a clear initial point. Atl is 
approximately 50 nsec . 

Then, while water was kept flowing in the tube 11 at 
the same flow rate (V = 3 m/sec) , an impulse voltage 7 
5 steeply falling from 10 V to -10 V was applied to the 
piezoelectric element 13, and a shock wave generated in 
the fluid was transmitted to the piezoelectric element 
12 . The wave received by the piezoelectric element 12 is 
amplified and given in Fig. 11 under the indication of 

10 10-1. In Fig. 11, tB-1 (= to + Atl) indicates a period 
of time from the application of the impulse voltage to 
the time at which the shock wave reaches the piezoelec- 
tric element 12 . The initial point of the received wave 
is indicated by tBEGIN10-l. In the received wave 10-1 

15 (amplified) , the wave form from the first wave component 
to the tenth wave component is in the form of a sine wave 
having a clear initial point. Atl also is approximately 
50 nsec. 

In order to obtain the difference between the re- 
20 ceived wave 9-1 (amplified) of Fig. 10 and the received 
wave 10-1 (amplified) of Fig. 11, a received wave (-)10-1 
(amplified) is prepared by multiplying the received wave 
10-1 (amplified) of Fig. 11 by (-1) . Thus prepared re- 
ceived wave (-)10-1 is placed in Fig. 10 in the form of a 
25 broken line to give Fig. 12. In Fig. 12, D(l) is a com- 
posite wave prepared by adding the received wave 9-1 (am- 
plified) to the received wave (-)10-1 (amplified). The 
composite wave D(l) indicates the difference of the re- 
ceived waves (amplified) . 
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The wave components of from the first period to the 
tenth period all of which have a clear sine wave are 
enlarged in the time axis (axis of abscissa) for both of 
the received wave 9-1 (amplified) and the received wave 
5 (-)10-l (amplified) in Fig. 12. The enlarged wave compo- 
nents are illustrated in Fig. 13. D(l) which means the 
difference wave of the received waves (amplified) is also 
placed. It is apparent that the waveform of D(l) is a 
sine wave almost symmetrical about the reference line in 

10 any periods of the received wave . 

Subsequently, water (25°C) was caused to flow in the 
tube 11 from 11A to 11 B at a flow rate of 5.7 m/sec (V = 
5.7 m/sec), and an impulse voltage 7 steeply falling from 
10 V to -10 V was applied to the piezoelectric element 

15 12, and a shock wave generated in the fluid was transmit- 
ted to the piezoelectric element 13 . The wave received 
by the piezoelectric element 13 is amplified and given in 
Fig. 14 under the indication of 9-2. In Fig. 14, tF-2 (= 
to - At2) indicates a period of time from the application 

20 of the impulse voltage to the time at which the shock 
wave reaches the piezoelectric element 13 . The initial 
point of the received wave is indicated by tBEGIN9-2. In 
the received wave 9-2 (amplified) , the wave form from the 
first wave component to the tenth wave component is in 

25 the form of a sine wave having a clear initial point. 

Then, while water was kept flowing in the tube 11 at 
the same flow rate (V = 5.7 m/sec), an impulse voltage 7 
steeply falling from 10 V to -10 V was applied to the 
piezoelectric element 13, and a shock wave generated in 

30 the fluid was transmitted to the piezoelectric element 



12 . The wave received by the piezoelectric element 12 is 
amplified to give the wave 10-2 which is then multiplied 
by (-1) to give a received wave (-)10-2 (amplified). The 
received wave (-)10-2 (amplified) is given in Fig. 14. 
5 In Fig. 14 # tB-2 (= to + At2) indicates a period of time 
from the application of the impulse voltage to the time 
at which the shock wave reaches the piezoelectric element* 
12 . The initial point of the received wave is indicated 
by tBEGIN10-2. D(2)is a composite wave prepared by add- 

10 ing the received wave 9-2 (amplified) to the received 
wave (-)10-2 (amplified). 

In each of the received wave 9-2 (amplified) and 
received wave (-)10-2 (amplified) in Fig. 14, the wave 
components of from the first period to the tenth period 

15 all of which have a clear sine wave are enlarged in the 
time axis (axis of abscissa) . The enlarged wave compo- 
nents are illustrated in Fig. 15. D(2) which means the 
difference wave of the received waves (amplified) is also 
placed. It is apparent that the waveform of D(2) is a 

20 sine wave almost symmetrical about the reference line in 
any periods of the received wave . 

The above-mentioned procedures were repeated except 
that the flowing rate of water (25°C) was changed to 0.5 
m/sec (V = 0.5 m/sec) , 4 m/sec (V = 4 m/sec), and 5 m/sec 

25 (V = 5 m/sec) , to give composite waves corresponding to 
the difference between the received waves (amplified) of 
Fig. 13 and Fig. 14 and the wave received in these mea- 
surements (amplified) . 

The amplitude (WA) of the wave component having the 

3 0 highest wave component in the composite wave indicating 
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the difference of the received wave (amplified) obtained 
in the measurement performed under the condition that 
water was caused to flow in the tube 11 at a flow rate of 
0.5 m/sec (V = 0.5 m/sec), 3 m/sec (V = 3 m/sec) , 4 m/sec 
5 (V = 4 m/sec), 5 m/sec (V = 5 m/sec) or 5 . 7 m/sec (V = 
5.7 m/sec) and a ratio of the flow rate (V) to the ampli- 
tude (WA) , that is K = V/WA, is set forth in the follow- 
ing Table 1. 

10 Table 1 



15 



Flow rate (V) 


WA (amplitude of 


K = V/WA 


(m/sec) 


differential composite wave) 




0.5 


0 . 0343 


14 .58 


3 


0 .2197 


13 .65 


4 


0.2793 


14 .32 


5 


0.3603 


13 . 88 


5 . 7 


0.4017 


14 . 19 



The relationships between the flow rate (V) and the 
amplitude (WA) shown in Table 1 are plotted to give a 

25 relationship having a high primary proportion as illus- 
trated in Fig. 16. Therefore, when a relationship be- 
tween the flow rate (V) and the amplitude (WA) of the 
composite wave representing the difference (in a tube 
having the same structure, the relationship between the 

30 flow rate and the amplitude is the same) is obtained, the 
flow rate of the fluid under measurement can be easily 
determined with high accuracy by detecting the amplitude 



(WA) of the wave component having the highest wave height 
from the composite wave. 

The relationship between the composite wave and the 
flow rate can be also obtained utilizing an integral 
5 value of an absolute value of a composite wave indicating 
difference. The following Table 2 shows a relationship 
between an integral value (S) of an absolute values of 
wave components from the first period to the tenth period 
in the differential composite wave of the received waves 

10 (amplified) obtained in the measurement performed under 
the condition that water was caused to flow in the tube 
11 at a flow rate of 0.5 m/sec (V = 0.5 m/sec) , 3 m/sec 
(V = 3 m/sec) , 4 m/sec (V = 4 m/sec) , 5 m/sec (V = 5 
m/sec) , or 5.7 m/sec (V = 5.7 m/sec) and a ratio of the 

15 flow rate (V) to the integral value (S) . 



Table 2 



Flow rate (V) 
(m/sec) 


S (integral value of 
differential composite wave) 


K = 


V/S 


0.5 


11.35 


0 


.044 


3 


84.86 


0 


.035 


4 


106 . 61 


0 


.038 


5 


136 .23 


0 


.037 


5.7 


148 . 67 


0 


.038 



30 It is apparent that the if the relationship between 

the flow rate (V) and the integral value (S) of absolute 
values set forth in Table 2 is plotted, it should have a 
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primarily proportional relationship having more accuracy 
than the primarily proportional relationship illustrated 
in Fig . 16 . 

In other words, if the proportional relationship be- 
5 tween the flow rate (V) and the integral value (S) of 
absolute values of the composite wave (in a tube having 
the same structure, the relationship between the flow 
rate and the integral value of absolute values of the 
composite wave is the same) is determined, the flow rate 
10 of the fluid under measurement can be easily determined 
with high accuracy by obtaining the integral value of 
absolute values of the differential composite wave. 

BRIEF DESCRIPTION OF DRAWINGS 

15 

Fig. 1 illustrates a flow rate -measuring apparatus 
that is favorably employable for performing the flow 
rate -measuring method utilizing shock wave according to 
the invention. 

20 Fig. 2 illustrates another flow rate-measuring appa- 

ratus that is also favorably employable for performing 
the flow rate -measuring method utilizing shock wave ac- 
cording to the invention. 

Fig. 3 illustrates still another flow rate-measuring 

25 apparatus that is also favorably employable for perform- 
ing the flow rate-measuring method utilizing shock wave 
according to the invention. 

Fig. 4 illustrates still another flow rate-measuring 
apparatus that is also favorably employable for perform- 
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ing the flow rate-measuring method utilizing shock wave 
according to the invention. 

Fig. 5 schematically illustrates a transducer in the 
form of a portion of ring which is employable as a compo- 
5 nent of a flow rate -measuring apparatus for performing 
the flow rate-measuring method utilizing shock wave ac- 
cording to the invention. 

Fig. 6 illustrates a received wave (amplified) which 
is obtained by the steps of filling water (25°C) in a tube 

10 11 of the flow rate-measuring apparatus of Fig. 1, apply- 
ing an impulse wave 7 steeply falling from 10 V to -10 V 
to the piezoelectric element 12 while the filled water is 
kept still, transmitting the shock wave generated in the 
water, and receiving the transmitted shock wave by the 

15 piezoelectric element 13 . 

Fig. 7 illustrates a received wave (amplified) which 
is obtained by the steps of filling water (25°C) in a tube 
11 of the flow rate-measuring apparatus of Fig. 1, apply- 
ing an impulse wave 7 steeply falling from 10 V to -10 V 

20 to the piezoelectric element 13 while the filled water is 
kept still, transmitting the shock wave generated in the 
water, and receiving the transmitted shock wave by the 
piezoelectric element 12. 

Fig. 8 is a graph prepared by multiplying the re- 

25 ceived wave 10 (amplified) of Fig. 7 by (-1) to give a 
received wave (-)10 (amplified) and then placing the re- 
ceived wave (-)10 in Fig. 6 in the form of a broken line, 
so that the difference of the received wave 9 (amplified) 
of Fig. 6 and the received wave 10 (amplified) of Fig. 3 

3 0 can be obtained. 



-28- 

Fig. 9 shows an enlarged view of the received wave 
from the wave component of the first period to the wave 
component of the tenth period for each of the received 
wave 9 (amplified) and the received wave (-)IO (ampli- 
5 fied) shown in Fig. 8. 

Fig. 10 illustrates a received wave 9-1 (amplified) 
which is obtained by moving water in a tube 11 from 11A 
to 11B at a flow rate of 3 m/sec (V = 3 m/sec) , applying 
an impulse wave 7 steeply falling from 10 V to -10 V to 

10 the piezoelectric element 12, transmitting the shock wave 
generated in the water, and receiving the transmitted 
shock wave by the piezoelectric element 13 . 

Fig. 11 illustrates a received wave 10-1 (amplified) 
which is obtained by moving water in a tube 11 from 11A 

15 to 11B at a flow rate of 3 m/sec (V = 3 m/sec) , applying 
an impulse wave 7 steeply falling from 10 V to -10 V to 
the piezoelectric element 13, transmitting the shock wave 
generated in the water, and receiving the transmitted 
shock wave by the piezoelectric element 12 . 

20 Fig. 12 is a graph prepared by multiplying the re- 

ceived wave 10-1 (amplified) of Fig 11 by (-1) to give a 
received wave (-)10-1 (amplified) and then placing the 
received wave (-)10-1 in Fig. 10 in the form of a broken 
line, so that the difference of the received wave 9-1 

25 (amplified) of Fig. 10 and the received wave 10-1 (ampli- 
fied) of Fig. 11 can be obtained. 

Fig. 13 shows an enlarged view of the received wave 
from the wave component of the first period to the wave 
component of the tenth period for each of the received 
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wave 9-1 (amplified) and the received wave (-)IO-I (am- 
plified) shown in Fig. 8. 

Fig. 14 illustrates a received wave 9-2 (amplified) 
which is obtained by moving water in a tube 11 from 11A 
5 to 11B at a flow rate of 5.7 m/sec (V = 5.7 m/sec) , ap- 
plying an impulse wave 7 steeply falling from 10 V to -10 
V to the piezoelectric element 12, transmitting the shock 
wave generated in the water, and receiving the transmit- 
ted shock wave by the piezoelectric element 13 . 

10 Fig. 15 shows an enlarged view of the received wave 

from the wave component of the first period to the wave 
component of the tenth period for each of the received 
wave 9-2 (amplified) and the received wave (-)10-2 (am- 
plified) shown in Fig. 8. 

15 Fig. 16 is a graph showing a relationship between a 

flow rate (V) of a fluid moving in a tube and an ampli- 
tude (WA) of a wave component having the highest wave 
height in the differential composite wave. 
[Explanation of numerals] 



20 


11 


tube 




12 


piezoelectric element 




13 


piezoelectric element 




20 


piezoelectric element 




21 


piezoelectric element 


25 


22 


piezoelectric element 




23 


piezoelectric element 




50 


impul se vol tage source 




5 OA 


impulse voltage source 




50B 


impulse voltage source 


30 


60 


processor 



